ABSTRACT The glycoprotein laminin is found exclusively in the basement membranes of adult tissues, not in the mesenchymal stroma. We studied the appearance and distribution of laminin during the early formation of kidney tubules in mouse embryos and in an in vitro transfilter model system. In immunofluorescence using affinity-purified antibodies, the distribution of laminin showed a clear correlation, both spatially and temporally, to the early stages of tubule formation. In vivo, laminin was first detected in a punctate pattern in areas where the pretubular aggregates form; later, it became confined to the basement membranes of the tubules. In experiments in vitro, the nephrogenic mesenchyme was found to form tubules after 12-24 hr of transfilter contact with the inductor. The first laminin spots were found after 12 hr of culture, 24 hr before overt morphogenesis. As the mesenchymal cells began to aggregate and elongate (at 36 hr), laminin was detected in those cells destined to become epithelial, and at 48 hr it was not found in cells remaining in the stroma. In more mature tubules (at 72 hr), laminin was seen as a sharp band in the basement membranes.
ABSTRACT The glycoprotein laminin is found exclusively in the basement membranes of adult tissues, not in the mesenchymal stroma. We studied the appearance and distribution of laminin during the early formation of kidney tubules in mouse embryos and in an in vitro transfilter model system. In immunofluorescence using affinity-purified antibodies, the distribution of laminin showed a clear correlation, both spatially and temporally, to the early stages of tubule formation. In vivo, laminin was first detected in a punctate pattern in areas where the pretubular aggregates form; later, it became confined to the basement membranes of the tubules. In experiments in vitro, the nephrogenic mesenchyme was found to form tubules after 12-24 hr of transfilter contact with the inductor. The first laminin spots were found after 12 hr of culture, 24 hr before overt morphogenesis. As the mesenchymal cells began to aggregate and elongate (at 36 hr), laminin was detected in those cells destined to become epithelial, and at 48 hr it was not found in cells remaining in the stroma. In more mature tubules (at 72 hr), laminin was seen as a sharp band in the basement membranes. It is suggested that laminin is involved in the increased cell adhesiveness during the early aggregation of the nephrogenic mesenchyme. Inductive tissue interactions governing cell determination and morphogenesis are mediated by hypothetical signal substances. The target sites of the signals and the molecular response to induction have not been clarified. In the embryonic kidney, a relatively short interactive period triggers a whole sequence of developmental events (1) (2) (3) . These events can be followed and timed by using the transfilter technique (4) . The metanephric mesenchyme is first separated from its natural inductor, the ureter bud, and then combined with a heterotypic inductor through a porous filter. This transfilter induction is completed in 12-24 hr (5). Thereafter, the mesenchyme differentiates autonomously, but there have been no means to distinguish the determined cells from the uninduced ones prior to that. After the morphogenetically silent period the mesenchymal cells are soon aggregated into pretubular condensates. The trapping of cells into aggregates and their subsequent behavior seen in electron microscopy and time-lapse motion pictures suggest increased adhesiveness of the cells as a response to the induction (6) . The molecular basis of the early aggregation phase, however, is still unknown. Kidney-specific antigenic and enzymatic properties of the cells have been detected only considerably later (3, 7) .
The aggregation of the induced cells is followed by their gradual conversion into epithelial elements surrounded by a basement membrane. Thus, this model system provides a unique opportunity for studying the synthesis and distribution of basement membrane components during development. Basement membranes have often been suggested to be involved in morphogenesis (8) (9) (10) , and they conceivably play a role in the anchorage and positioning of the epithelial cells (11) . Basement membranes are known to consist of various collagenous and noncollagenous glycoproteins that have not yet been thoroughly characterized (12) , glycosaminoglycans (13) , and fibronectin (14) . Recently, a large glycoprotein called "laminin" was isolated from a mouse tumor producing a matrix of basement membrane (15) , and it has been characterized by chemical and immunological methods (16, 17) . This glycoprotein has a molecular weight of about 850,000, is detected in all authentic basal laminae studied, and is produced by various cultured cells including epithelial cells (17) . The expression of this glycoprotein during kidney development will be described here.
MATERIALS AND METHODS Kidneys. We made use of hybrid mouse embryos BALB/c X CBA. The formation of aggregates in the kidney mesenchyme was examined in kidneys removed every 6 hr from day 11 to day 13 of gestation. The subsequent tubulogenetic phase was followed in kidneys removed each day from day 13 to day 21 of gestation. Day 0 was the day of appearance of the vaginal plug.
Experimental Model System. Mouse spinal cords, dissected free from their basement membranes, of 11-day embryos were used as heterologous inductors for lissue cultures (4). The undifferentiated 11-day kidney mesenchyme was surgically separated from the ureter bud and its basement membrane, and one to five mesenchymes were placed on a filter (Nuclepore, Pleasanton, CA). The nominal pore size of the filter used was 1.0 um. The tissues were cultured in Eagle's minimal essential medium supplemented with 10% fetal calf serum and antibiotics. The Trowell-type culture technique was used as described (18) . In some of the experiments, tunicamycin at 50 ng/ml (19) was added to the medium (a gift from R. Pratt, National Institutes of Health, Bethesda, MD).
Fluorescence Microscopy. Laminin was purified from extracts of a tumor that produces an extracellular matrix of basement membrane (16) and was used to raise antiserum in rabbits. The antibodies were affinity purified and cross absorbed with type IV collagen. These antibodies did not crossreact with fibronectin, basement membrane collagens, or interstitial collagens in radioimrnunoassays. Their reaction with authentic basement membrane could be blocked by absorption with purified laminin. In the indirect immunofluorescence assay the antibodies were used at a concentration of 15 ,g/ml. Control experiments with antibodies (20,ug/ml) against ovalbumin or fluoresceinated anti-rabbit immunoglobulin (Wellcome, Beckenham, UK) alone gave no staining.
The tissues were fixed and processed for immunofluorescence according to the method of Sainte-Marie (20) . Some tissue sections were treated with hyaluronidase prior to staining (21) with anti-laminin. After this treatment the fluorescence in-
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We used a Zeiss Universal microscope with phase-contrast and Nomarski differential interference contrast microscopy optics together with an epi-illuminator. The microscope was equipped with a high-pressure mercury lamp (HBO, 200 W) and with a dichroic mirror (FT 510), a barrier filter (LP 520), and excitation filters (BP 455-490) for fluorescein isothiocyanate-fluorescence or with a dichroic mirror (FT 420), a barrier filter (LP 418), and an excitation filter (UG 1) for UV illumination.
RESULTS
The stages in the early morphogenesis of kidney tubules in the metanephros are depicted in Fig. 1 . By day 11 the ureter bud has grown into loose mesenchyme, the mesenchymal cells appearing in a random pattern (Fig. 1A) . After induction, dense areas of mesenchymal cells become visible around the tip of the ureter bud in 11.5-to 12-day kidneys (Fig. 1B) . As the ureter bud grows and branches, the condensed parts of the mesenchyme are left behind and they soon become S-shaped ( Fig. 1  C and D) . In 12.5-to 13-day kidneys, a lumen forms and a peripheral basement membrane-like structure is observed ( Fig.  1 D and E) and the tubule then connects with the branched ureter (Fig. 1F) .
In Vivo Findings. The undifferentiated nephrogenic mesenchyme of the 11-day embryo was devoid of laminin, as judged by immunofluorescence. Fluorescence was observed only as a discontinuous line in the basement membrane of the ureter bud (Fig. 2a) . In slightly older kidneys (11.5-12 days of gestation), laminin fluorescence was regularly found distributed as spots around the tips of the ureter at places known to aggregate first. The layer with laminin spots was approximately 10 cells thick (Fig. 2b) . The spots appeared prior to overt aggregation. As the ureter bud was branching, spotty fluorescence was observed on both sides of the branching ureter somewhat behind the tip (Fig. 2c) .
In 12.5-to 13-day kidneys, laminin was found as spots in the aggregates but also as discrete sharp staining in the basement membrane of the newly formed S-shaped tubules (Fig. 2d) .
There is a developmental gradient in older embryonic kid- neys. More advanced tubules are found in deeper layers of the metanephric blastema, and new aggregates appear in the periphery near the cortex. In deeper regions, laminin was detected as long, thin strands in the basement membranes. In the periphery, punctate fluorescence still persisted within the young aggregates and at places found also in morphologically undifferentiated areas (Fig. 3 a and b) . The luminal side of the tubule did not display any staining. Spotty fluorescence was a regular finding close to the forming basement membrane in the developing tubules. The mesenchymal cells and stroma surrounding the tubules remained negative for laminin fluorescence. In older embryos (18-day to newborn), the spotty fluorescence had disappeared, and laminin was always detected in a linear continuous pattern associated with the basement membrane (Fig. 3c) .
In Vitro Findings. The experimental model system enabled more exact examination of temporal relationships between the induction phenomenon and the expression of laminin. The inductor tissue did not show any fluorescence when stained with laminin antibodies. The appearance of laminin was dependent on induction; mesenchymes cultured alone did not express laminin.
Mesenchymes examined after 6-hr transfilter culture did not show fluorescence (Fig. 4a) . Small amounts of laminin were detected as distinct spots in the mesenchymes examined after 12 hr (Fig. 4b) . [18] [19] [20] [21] [22] [23] [24] hr, bright spots were present (Fig. 4c) in the mesenchyme, whereas sections studied after staining for DNA showed no signs of aggregation (Fig. 4d) . In the standard procedure in which the inductor had been removed after 24 hr and the mesenchyme was subcultured alone, subsequent development took place autonomously. Cell aggregation was first detected at 36 hr (Fig. 4 f and h ). All these aggregates showed bright laminin staining in a spotty pattern (Fig. 4 e and  g ). By 48 hr, the formation of tubuli was evident. In the tubuli, laminin was found in two patterns, either within the basement membranes or in their vicinity in the punctate form (Fig. 4 i  and j) . A day later, the spotty fluorescence was lost, the basement membrane alone expressing laminin (Fig. 4 k and 1) .
Inhibition of Induction by Tunicamycin. Tunicamycin, an inhibitor of protein glycosylation, has been shown to prevent tubulogenesis when applied during the induction period (24) . Therefore, the effect of tunicamycin on laminin expression was examined. When tunicamycin was present during the induction period at concentrations preventing induction (50 ng/ml), the mesenchymes remained negative for laminin fluorescence (Fig.  5a ). The same concentrations of tunicamycin did not inhibit differentiation when applied during the morphogenetic period (24-72 hr of culture), and bright fluorescence appeared in the basement membranes of the tubules (Fig. 5b) .
DISCUSSION
The present data show that, prior to morphogenesis, induced mesenchymal cells in the embryonic kidney express a glycoprotein of the basement membrane type. We thus demonstrate a difference between two morphologically indistinguishable cell populations; only the terminally determined cells express laminin. In these cells, laminin occurs in a punctate pattern. The induced state was previously not apparent by any means available and could only be deduced (5) , as in other developmental events, from the fate of the cells (25) . The linear staining typical of the basement membrane of adult tissues is acquired only later when the epithelialization of the mesenchymal cells is taking place. Presumably, these changes are dependent on continuous synthesis of laminin rather than on rearrangement of the protein deposited in the early stages of tubule induction.
The appearance and redistribution of laminin in the developing kidney show a striking correlation, both spatially and temporally, to the previously described early stages of tubule formation (3, 6, 23 ). The morphogenesis of the kidney tubules in vivo is triggered by the ingrowing ureter bud. It has been suggested that the triggering leads to a gradual increase in adhesiveness of the responding cells, and a morphogenetic field of determined cells 710 cell layers deep is assumed to form around the inductor tissue (6) . So far, there are no molecular data to support this hypothesis. It is tempting to suggest that laminin could be involved in the increased adhesiveness of the induced cells during the aggregation phase. Laminin was first detected around the inductor tissue in the undifferentiated mesenchyme, the cell layer expressing laminin appearing [8] [9] [10] cell layers deep. Later, laminin was always detected in the newly formed aggregates and, subsequently, predominantly in close association with the basement membrane of the tubules. When new aggregates formed in the upper cortex, the developmental sequence was the same.
The expression of laminin in the developing kidney differs from that of fibronectin, another glycoprotein of basement membranes. Fibronectin is found in the undifferentiated and uninduced mesenchyme, and the staining remains positive in the stroma that surrounds the formed tubules. The change observed in the expression of fibronectin during tubulogenesis is the loss of staining in the lumen of the developing tubules and the appearance of linear staining in the basement membrane (26) . In the kidney, the expression of fibronectin can thus be considered to be a property of the mesenchymal cells (27) , whereas the appearance of laminin coincides with the terminal determination of mesenchymal cells into epithelial struc- secretion of laminin. However, this appears to be unlikely because the formation of basement membranes in the later stages cannot be inhibited by tunicamycin.
Basement membranes and their components have frequently been considered of importance for epithelial cell differentiation and for the maintenance of their organized state (8) (9) (10) (11) (12) (13) 28 
